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When an observer moves through the world, he or she must detect moving objects in order to avoid or
intercept them. Accomplishing this task presents a problem for the visual system, because the motion of
the observer causes the images of nearly all objects in the scene to move across the retina. We tested
observers’ abilities to detect a moving object when its angle of motion deviated from the radial optic ﬂow
pattern generated by observer motion in a straight line. To test whether global information is important
for this task, we compared the results for a radial pattern with those for a deformation pattern. The
results show that observer accuracy depends on the global pattern of the optic ﬂow. In addition, we
tested the effects of the duration of the trial, the number of objects, the eccentricity of the moving object
and the speed of the observer.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Observer motion through a scene causes images of objects in the
scene to ﬂow across the retina. Observers are able to use informa-
tion from this 2D image motion, known as optic ﬂow, to ascertain
their direction of motion through the 3D world around them. One
important task for a moving observer is to detect moving objects.
For example, during a soccer game a player must maneuver across
the ﬁeld in the presence of other players and locate and track the
moving soccer ball. Psychophysical research has shown that people
judge their heading well from visual motion information alone
(Royden, Banks, & Crowell, 1992; Royden, Crowell, & Banks, 1994;
Warren & Hannon, 1988; Warren & Hannon, 1990), even in the
presence of moving objects (Royden & Hildreth, 1996; Warren &
Saunders, 1995), which do not affect heading judgments under
most conditions and cause only a small bias in heading judgments
under some conditions. It has often been assumed that one must
identifymoving objects before computing heading so that the effect
of their motion would not bias the heading computation (e.g.
Hildreth, 1992). However, Royden (2002, 2004) showed that a
model for computing heading based on motion subtraction gives
results very similar to those of human observers without removing
the moving objects from the computation. Thus, the detection of
moving objects in the scene does not appear to be a prerequisite
for reasonably accurate heading computations.ll rights reserved.
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yden).The problem of the detection of moving objects by a moving ob-
server has been less well studied. Because the images of stationary
items in the world move across the retina when the observer is
moving, it is unclear how a moving object can be distinguished
from the other moving images in the scene. Several models of
heading computation have addressed the problem of moving ob-
jects in the scene, often identifying moving objects in order to min-
imize their effects on the heading computation. For example,
Thompson and Pong (1990) noted that one could make a prelimin-
ary estimate of observer motion parameters, and then identify re-
gions that are inconsistent with the image motion pattern
expected from these observer parameters. Hildreth (1992) pro-
posed a heading model that computed the headings predicted from
multiple localized regions of the image, identifying the location
consistent with the majority of those local computations as the
overall heading of the observer. The model then identiﬁed any local
regions that computed a different heading as potential locations of
moving objects. This is a similar idea to that of Thompson and Pong
(1990), in that it identiﬁes regions that are inconsistent with the
image motion expected from the computed heading estimate.
Several studies have shown how the presence of an optic ﬂow
ﬁeld generated by simulated observer motion can affect the per-
ceived trajectory or the time to contact of a moving object within
the scene (Gray, Macuga, & Regan, 2004; Gray & Regan, 2000;
Matsuyima & Ando, 2009; Warren & Rushton, 2007; Warren &
Rushton, 2008; Warren & Rushton, 2009). In a series of studies,
Warren and Rushton (2007), Warren and Rushton (2009) showed
that, under the conditions used in their experiments, the perceived
trajectory of a moving object is dependent on the perceived depth
of the object relative to the stationary items in the scene. Their
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erated from the observer motion, a process they have labeled ‘‘ﬂow
parsing,” and any remaining motion must be due to moving ob-
jects. Because many of their simulations involve observer rotations
as well as translations, information about the relative depths of
items in the scene is necessary for an accurate estimate of the im-
age motion to be subtracted. The subtraction of the optic ﬂow due
to observer motion leads to predictable changes in the perceived
motion direction of the moving object. However, none of the above
studies examined how observers detect the moving object within
an optic ﬂow ﬁeld. Object detection must be done before one can
establish the object’s trajectory.
Rushton, Bradshaw, and Warren (2007) have shown that, under
some conditions, in a scene that simulates an observer translation
and rotation about a set of stereoscopically presented cubes, a
moving object ‘‘pops out”, meaning that the reaction time to signal
its presence is constant as the number of stationary (distractor)
cubes increases. Royden, Wolfe, and Klempen (2001) also exam-
ined visual search for a moving object in a scene through which
an observer was moving. They examined search for an object
whose image motion was stationary within a radial optic ﬂow ﬁeld.
While the object did not pop out, the search for the object was
more efﬁcient within a structured ﬂow ﬁeld, either a radial, defor-
mation or translational ﬁeld, than a search for the object within a
ﬁeld of randomly moving distractors. These studies showed that
moving objects can be detected within the ﬂow ﬁelds generated
by moving observers, but neither study examined the parameters
necessary for observers to detect that object. In the current study,
to understand more about how people detect moving objects, we
examined how several factors affect an observer’s ability to detect
moving objects in a scene through which he or she is moving.
The difﬁculty in detecting moving objects is illustrated in Fig. 1.
For observer motion in a straight line through a stationary scene,
the image velocities of all objects in the scene form a radial optic
ﬂow pattern (Fig. 1a). The center, or focus of expansion (FOE), away
from which all image velocity vectors radiate, coincides with the
observer’s direction of motion, or ‘‘heading” (Gibson, 1950; Gibson,
1966). The heading can be easily determined by extending lines
through the image velocity vectors and determining their intersec-
tion. Fig. 1b shows how the presence of a moving object in the
scene could affect the ﬂow ﬁeld. A moving object in the scene could
have an image that is moving in the same direction on the retina as
the image of a stationary object. For example, the image of the
moving object depicted in Fig. 1b is moving upward, which is the
same direction as the image of one of the other items in the scene.
How then do observers detect moving objects if they themselves
are moving? As suggested by Thompson and Pong (1990) and Hild-Fig. 1. Radial optic ﬂow ﬁelds generated by an observer moving in a straight line toward
coincides with the direction of observer motion. Arrows indicate the direction of motion
Optic ﬂow ﬁeld with one moving object in the scene. The moving object is in the lowerreth (1992), one method would be to locate items that are moving
inconsistently with the optic ﬂow ﬁeld. For example, an object that
is moving in a different direction from the radial ﬂow lines gener-
ated within the optic ﬂow ﬁeld must be moving relative to the
other stationary items in the scene. Thus, one would expect that
human observers could detect objects moving at different angles
from these radial patterns generated by observer motion. This
would require the visual system to make use of the global pattern
of image motion, in order to establish the radial pattern from
which the object motion differs. An alternative hypothesis is that
the visual system might use local motion differences to determine
the presence of a moving object. In this case, the visual system
might signal the presence of a moving object if its angle of motion
differs signiﬁcantly from that of the neighboring objects, indepen-
dent of the global pattern.
One complicating factor in analyzing optic ﬂow ﬁelds arises
from eye movements made by the observer. The rotation of the
eyes adds a component to the ﬂow ﬁeld and changes the pattern
of optic ﬂow on the retina (Gibson, 1950; Longuet-Higgins & Pra-
zdny, 1980). Wilkie and Wann (2003) have presented evidence
that the accuracy of steering is affected by whether the driver is al-
lowed free eye movements or required to ﬁxate. However, in terms
of perception of the ﬂow ﬁeld, experiments in heading perception
suggest that the motion due to real eye movements is discounted
by the brain, so that heading accuracy is largely unaffected when
observers move their eyes (Royden et al., 1992; Royden et al.,
1994; Warren & Hannon, 1988; Warren & Hannon, 1990). This
could be done by way of a motion-subtraction mechanism (Longu-
et-Higgins & Prazdny, 1980; Royden, 1997) or by way of a mecha-
nism that may use an efference copy of the eye movement signal to
eliminate the rotation effects within the ﬂow ﬁeld (Royden et al.,
1994). It is not the aim of this study to examine the role of eye
movements in moving object detection. Because the presence of
a ﬁxation point may add an additional cue for observers to use
while judging the presence of a moving object, for most of the
experiments presented here we chose to allow free eye movements
with no ﬁxation point, conditions that better emulate conditions
observers would encounter in the real world. To verify that eye
movements were not a big factor in the results, in experiment 2
we added a ﬁxation point and instructed observers to maintain ﬁx-
ation during the trials.
In order to test how the angle of 2D image motion is used to de-
tect moving objects in the ﬂow ﬁeld, we conducted psychophysical
experiments to examine the effects of various factors on the ability
to detect moving objects based on their angle of motion. Speciﬁ-
cally, we determined the threshold angle of deviation from a 2D ra-
dial pattern of motion for which a moving object can be detected.a set of disk shaped objects. The small circle in the center indicates the FOE, which
of each disk in the image. (a) Optic ﬂow ﬁeld with no moving object in the scene. (b)
right corner, indicated by the thick arrow.
Fig. 2. Radial and deformation ﬂow ﬁelds. Arrows indicate the direction of motion at each location in the image. The circle at the center indicates the location of the focus of
expansion. (a) Radial ﬂow ﬁeld generated by an observer moving in a straight line toward a stationary scene. (b) Deformation ﬂow ﬁeld generated by inverting the vertical
component of each vector in the radial ﬂow ﬁeld.
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number of items in the scene, and the speed and eccentricity of the
moving object.
In experiment 1 we examined whether the visual system uses
local or global cues to detect moving objects. To distinguish be-
tween local and global motion detection we used two patterns: ra-
dial and deformation (Fig. 2). The radial pattern is consistent with
observer motion through a scene. The deformation pattern has the
same spatial gradient of motion as the radial, but is inconsistent
with observer motion through a stationary scene. If the visual sys-
tem uses purely local cues to identify moving objects, then observ-
ers should be able to detect moving objects with equal accuracy for
the two patterns. If, on the other hand, the visual system relies on
the global pattern to detect moving objects, then observers may
differ in their accuracy with the two different stimuli. Although
both the radial and deformation patterns have a global cue, one
might expect observers to be better at detecting objects in the ra-
dial pattern, because this pattern is associated with forward mo-
tion and is encountered much more frequently as the observer
moves about the world. Thus, if observer accuracy differs between
the two patterns, we can conclude that the visual system does not
rely on local cues alone in detecting moving objects, but that global
cues play a role. If observer accuracy is the same for both patterns,
it is possible that the visual system is relying purely on the local
cues, although one cannot rule out a contribution of global cues
in this case, with both deformation and radial patterns contribut-
ing equally.
In experiment 2, we tested how the number of items in the
scene affects the ability to detect a moving object. If detection of
the moving object depends on the global pattern, then one would
expect thresholds to decrease as the number of items increases, be-
cause more items give more information with which to establish
the global pattern of motion.
In experiments 3 and 4 we tested the effects of the eccentricity
of the object within the ﬂow ﬁeld and of overall speed of the stim-
ulus on the detection of moving objects. These experiments pro-
vide information about people’s ability to detect moving objects
as the position of the object or the observer’s speed changes.2. General methods
All experiments used a computer-controlled display of ran-
domly positioned white disks on a dark background. The motion
of the disks either simulated a radial pattern consistent with obser-
ver motion toward the disks or a deformation pattern not consis-tent with observer motion toward a stationary scene. These two
patterns have the same spatial gradient in velocity. Each disk
was assigned a 3D position (X, Y, Z) in the simulated world. To
move the disks in a radial pattern we updated the position of the
center of each disk over time using the following optic ﬂow
equations:
vx ¼ ðTX þ xTZÞ=Z
vy ¼ ðTY þ yTZÞ=Z
ð1Þ
where (TX, TY, TZ) is the vector representing the simulated observer
motion, (x, y) is the image position of the center of the disk, and vx
and vy are the horizontal and vertical components of the image
velocity, respectively.
To generate motion in a deformation pattern, we multiplied the
vy component of the image velocity vectors by negative one. Thus,
the spatial change in velocity from one location to the next is the
same magnitude as for the radial pattern, but the global deforma-
tion pattern differs substantially from the radial pattern.
The scene consisted of a simulated plane of disks initially lo-
cated 1000 cm away from the observer. Observer motion towards
the scene was simulated at a speed of 200 cm/s, which is equiva-
lent to a walking speed. The simulation was generated by a Power
Mac G4 and presented on an Apple 17-in. CRT monitor. The display
was set on 1024768 pixels with a refresh rate of 75 Hz. Observers
viewed the scene with both eyes with their heads placed in a chin
and forehead rest 35 cm away from the monitor. In all experiments
except experiment 2, the scene contained no ﬁxation cross and
observers were allowed free eye movements. In experiment 2, a
ﬁxation cross was present at the center of the screen and observers
were instructed to maintain ﬁxation for the duration of each trial.
The experiments were conducted in a dark room with the door
closed and the only source of light coming from the computer
screen. At the start of each experiment, observers were shown
the ﬁrst frame of a motion simulation. For most experiments, this
ﬁrst frame consisted of a black screen and 25 white disks. To
achieve a somewhat even distribution, the viewing window was
divided into a 55 grid of equal sized squares. Note that the grid
was not visible, it was merely calculated for positioning purposes.
Each disk was assigned a random position in one square, so that
each square contained exactly one disk. A blank region of 10 visual
angle surrounded the grid on all sides so that the outer disks would
have room to move outward and would not move off the monitor
screen during a trial. The disks initially had a diameter of 1.15 of
visual angle. The diameter increased appropriately as the simu-
lated distance of the disks from the observer decreased.
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caused the disks to move in either a radial or deformation pattern,
depending on the experiment. The FOE of each simulation was a
random position within ±5 visual angle from the center point of
the screen, in both the x- and y-directions. In half of the trials a ran-
domly selected disk moved at an angle of deviation away from the
direction it would move if it were part of the rest of the pattern, as
shown in Fig. 3. At the end of each trial, which lasted between .25
and 1.0 s depending on the experiment, the last frame remained on
the screen and the observers were instructed to indicate with a key
press whether or not they saw a disk moving in a different direc-
tion from the rest of the pattern. There was no time limit for the
response. After the observers responded by pressing a key, another
starting frame appeared. After the entire set of trials was pre-
sented, the program automatically returned to the computer
desktop.
In order to show observers what radial and deformation pat-
terns looked like and to give them practice detecting moving ob-
jects in the pattern, all observers were shown a practice
simulation similar to the actual experiment before they took either
the radial or deformation test for the data collection. The practice
simulation consisted of either the radial or deformation pattern
with a randomly chosen disk always moving at an angle of devia-
tion of 90. The disks in the practice simulation moved for a 1 s
time period. The practice session consisted of 20 trials. The exper-
iment investigator was in the roomwith observers during the prac-
tice simulation to answer any questions or concerns. The
experimental protocol was approved by the Human Subjects Com-
mittee at the College of the Holy Cross.
3. Experiment 1: radial vs. deformation patterns
Experiment 1 examined moving object detection within radial
and deformation ﬂow ﬁelds to determine how well people can de-
tect moving objects within a ﬂow ﬁeld and to test whether the vi-
sual system uses local or global cues for this task. If the brain uses
local cues alone, then observers should detect moving objects
equally well for both patterns because the spatial velocity gradient
is the same for both. If observers show different results for the two
patterns, this would imply that global pattern plays a role in the
detection of moving objects.
3.1. Method
Nine observers participated in this experiment. Two of the
observers were aware of the experimental hypotheses. One of
these had previous experience as a psychophysical observer. Two
were unaware of the experimental hypothesis but had previous
psychophysical experience. The remaining ﬁve observers had noFig. 3. Diagram of experimental display. Disks moved in a radial or deformation pattern.
the location of the focus of expansion, and was not present in the displays. In half the tr
angle, h, away from the angle it would move if it were part of the pattern. (a) Radial ﬂoknowledge of the hypothesis and no previous psychophysical
experience. All observers volunteered to take part in the experi-
ment and were not compensated for participating.
All the observers were shown both the radial and deformation
simulations. Five observers completed a set of six radial pattern
simulations before the deformation pattern simulations. Four com-
pleted the deformation pattern set ﬁrst. The angles of deviation of
10, 15, 20, 25, 30, and 45 were presented in a random order
for each observer. These angles were chosen based on empirical
data from pilot studies carried out to ﬁnd a range of angles for
which performance would vary from below to above a threshold
of 75% correct. This performance range allowed us to construct
psychometric functions from which we determined the threshold
angle for detecting a moving object. Each trial consisted of 25 disks
moving in either a radial or a deformation pattern. Observers
viewed the screen with both eyes and were allowed free eye move-
ments. No ﬁxation point was present in the scene. The ﬁrst angle
tested was always between 20 and 45. The simulations ran for
durations of 0.25, 0.50, 0.75, or 1.00 s. Each individual condition
of the experiment was run 10 times. Thus, each block of trials con-
sisted of a single angle of deviation for the target. Within a block,
the trials varied in duration, with 10 trials with the target present
and 10 trials with the target absent for each duration, for a total of
80 trials. Observers completed 12 blocks of trials, one for each an-
gle of deviation for the radial pattern and one for each deviation for
the deformation pattern.3.2. Results
Fig. 4 diagrams the results of this experiment. The graphs show
the percentage of correct responses averaged across observers. For
the radial pattern (Fig. 4a), the accuracy improves as the angle and
duration increase. With an object moving at 10 angle of deviation
from the radial pattern, observers on average were able to detect
the object 58% of the time for a 0.25 s duration. The average per-
cent correct rose to 70% for a duration of 1 s. As the angle of devi-
ation increased, the accuracy of observers also increased. For a 45
angle of deviation, observers were able to identify a moving object
almost perfectly with an accuracy of about 96.7% for the 0.25 s
duration and 96.1% for the 1 s duration.
Observers were considerably less accurate detecting objects
with the deformation pattern. Examining the average deformation
results (Fig. 4b), for an object moving at a 10 angle of deviation,
observers were only able to detect the moving object slightly bet-
ter than 50% of the time, or essentially performing at chance, inde-
pendent of the duration. As the angle of deviation of the moving
object in the deformation pattern increased, the accuracy of
observers also increased. For most angles, the accuracy also in-
creased with duration, but not by a large amount. At a 45 angleArrows indicate the speed and direction of motion of each disk. The cross indicates
ials one randomly selected disk, indicated by the thick arrow, moved at a speciﬁed
w ﬁeld. (b) Deformation ﬂow ﬁeld.
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pick out the moving object correctly 78% of the time for the
0.25 s duration and 83% of the time for the 1 s duration. These
are substantially lower than the averages for the radial pattern.
A three-way ANOVA analysis shows signiﬁcant main effects of
all three factors, angle of deviation (F(5, 40) = 176, p < .0001), dura-
tion (F(3, 24) = 37.5, p < .0001) and radial vs. deformation pattern
(F(1, 8) = 265, p < .0001). Thus, the differences seen in results be-
tween the radial and deformation patterns are highly signiﬁcant.
To further examine the results, we determined a threshold of
75% correct responses, chosen to be halfway between chance per-
formance (50%) and a perfect score (100%). Threshold was calcu-
lated by ﬁtting sigmoidal curves to the individual radial and
deformation graphs for each observer and ﬁnding the point on
the ﬁtted curve corresponding to 75% correct. These individualFig. 4. Results of experiment 1. Graphs show the percent of correct responses averaged
Circles, squares, triangles and diamonds indicate results for 1.0, 0.75, 0.5 and 0.25 s durat
ﬁeld. (b) Results for the deformation ﬂow ﬁeld.
Fig. 5. Thresholds for detecting a moving object in experiment 1. Circles indicate thresho
pattern. (a) Thresholds were calculated for individual observers and then averaged across
across observers and a single threshold was calculated from the averaged data.thresholds were then averaged across observers. A large difference
can be seen between the average radial and average deformation
thresholds (Fig. 5a). For the radial pattern, the average threshold
was 13.6 for the 1.0 s duration and rose to 20.7 for the 0.25 s
duration. This is considerably better than the results for the defor-
mation pattern, which gave a threshold of 29.0 deviation for the
1.0 s duration and 35.4 for the 0.25 s duration. The error bars,
which denote the standard deviation, are also much bigger for
the deformation thresholds than the radial, indicating that there
was more variability among the observers for the deformation
pattern.
The thresholds calculated above are slightly biased, because
some observers never reached the 75% accuracy threshold on the
deformation pattern and some observers were always more accu-
rate than 75% on the radial pattern so that a threshold could notacross the nine observers for each angle of deviation tested for the moving object.
ions respectively. Error bars indicate ±1 standard error. (a) Results for the radial ﬂow
lds for the radial ﬂow pattern. Squares indicate thresholds for the deformation ﬂow
observers. Error bars indicate ±1 standard deviation. (b) Observer data was averaged
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reached threshold at 1.00 s and two observers never reached
threshold for the 0.75 s, 0.50 s, and 0.25 s durations. For the radial
pattern one observer was always above threshold for the 1.00 s
duration and one was always above it for the 0.75 s duration. These
thresholds were not included in the above computation. Because
some observers failed to reach threshold, the deformation thresh-
olds are slightly underestimated and the radial thresholds at 1.00 s
and 0.75 s are slightly overestimated because some observers were
always above 75% correct. To verify the results, we recomputed
thresholds by ﬁnding the thresholds for the data that was averaged
across observers (Fig. 5b). These thresholds were generally very
similar to those in the previous computation.4. Experiment 2: effect of number of items
Because observers were more accurate detecting moving ob-
jects in a radial ﬂow ﬁeld than in a deformation ﬂow ﬁeld, the re-
sults of experiment 1 indicate that the global pattern is important
in detecting moving objects. If this is the case, then the number of
items in the pattern might be important for observers to ascertain
the global pattern. Therefore, we examined whether the number of
disks in the scene has an effect on observers’ accuracy in detecting
moving objects. We tested the observer accuracy for displays using
4, 9, 16 and 25 disks, reasoning that it would be more difﬁcult to
perceive a radial pattern from 4 disks than from 25 disks. We also
tested 9 and 16 disk displays to see how accuracy varied for inter-
mediate numbers of disks.
4.1. Method
Fourteen observers participated in this experiment. None of the
observers were aware of the experimental hypotheses or had pre-
vious experience as a psychophysical observer. All observers vol-
unteered to participate in the experiment and were not
compensated for participating. All observers were shown both
the radial and deformation simulations. Seven observers com-
pleted the radial pattern simulations before the deformation pat-
tern simulations and seven completed the deformation pattern
set ﬁrst. The angles of deviation of 10, 15, 20, 25, 30, and 45
were tested, as with experiment 1. Each observer was assigned aFig. 6. Results of experiment 2. Graphs show the percentage of correct responses for e
diamonds indicate results for conditions with 4, 9, 16 and 25 objects in the scene, resp
averaged across observers for the deformation ﬂow ﬁeld. Error bars are ±1 standard devrandom order of the six angles of deviation to be tested. To deter-
mine whether ﬁxations vs. free eye movements play a role in
detecting moving objects, in this experiment observers were in-
structed to focus their eyes on a ﬁxation cross located at the center
of the screen for the duration of each trial. The ﬁrst angle of devi-
ation tested was always between 20 and 45. Half of the observers
viewed movies where the number of disks was varied between 4
and 16, and half viewed movies with the number varying between
9 and 25. The spatial density of disks was kept the same for each
condition. Therefore, fewer disks led to a smaller viewing window.
Each simulation ran for a duration of 1.0 s. There was no time limit
for observers to respond to each trial. Each individual condition of
the experiment was run 10 times, and the trials were presented in
a random order.4.2. Results
Fig. 6 shows the percentage of correct responses averaged
across observers. Three-way ANOVA analysis shows a signiﬁcant
main effect for angle (F(5, 120) = 36.1, p < .0001), number of items
(F(3, 24) = 30.7, p < .0001) and radial vs. deformation pattern (F(1,
24) = 239, p < .0001). For a radial pattern (Fig. 6a) for 4 items
observers on average were able to detect the object about 47% of
the time for a deviation of 10 and 69% of the time for a deviation
of 45. As the number of items increased, the accuracy of observers
also increased (Fig. 6a). Observers had similar levels of accuracy for
both the 9 and 16 disk patterns. For a radial pattern made up of 9
disks, observers were able to identify a moving object about 73% of
the time for the 10 deviation and 92% of the time for the 45 angle
of deviation. For 16 disks they were able to identify the object 61%
of the time for the 10 deviation and 95% of the time for a deviation
of 45. Observers performed best with patterns containing 25
items. Observers identiﬁed the object 67% of the time for the 10
deviation and 97% of the time for the 45 deviation. In this condi-
tion, observers were able to identify a moving object with high
accuracy of above 89% for all deviations larger than 15. The aver-
aged observer data did not reach threshold for the 4 item case.
Thresholds for the averaged observer data were 12.3, 15.4 and
11.0 for the 9, 16 and 25 item conditions respectively.
Observers were signiﬁcantly less accurate detecting objects
with the deformation pattern, as shown in Fig. 6b. For a deforma-ach angle of deviation tested for the moving object. Circles, squares, triangles and
ectively. (a) Results averaged across observers for the radial ﬂow ﬁeld. (b) Results
iation.
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sponses was only slightly better than 50%, or chance, for all devia-
tion angles tested. For the 9 and 16 disk conditions, as the angle of
deviation of the moving object in the deformation pattern in-
creased, the accuracy of observers also increased, but never
reached threshold level of 75% correct. The maximum accuracy
for 9 disks was 72% correct and for the 16 disks was 68% correct.
For a pattern of 25 disks, observers were able to pick out the mov-
ing object accurately only 45% of the time for angles of deviation of
10, which indicates a chance level of response. The accuracy in-
creased to 85% for a deviation of 45. This is the only condition
where observers performed above a threshold level, with the
threshold for the averaged data at 35.5. The threshold is substan-
tially higher than the threshold for the radial condition with 25
disks (11.0).
To determine whether free eye movements vs. ﬁxation played a
role in detecting moving objects, we compared the results for the
25 disk condition in experiment 2 with those from experiment 1
in the 1.0 s duration condition. These two experiments had the
same experimental parameters except experiment 1 allowed free
eye movements whereas experiment 2 used ﬁxation on a central
cross. For both radial and deformation patterns, the results were
very similar between the two eye movement conditions as can
be seen in Fig. 7. For the radial pattern with free eye movements,
the average accuracy ranged from 70% for the 10 angle to 96.1%
for the 45 angle, while the ﬁxed eye movement results ranged
from 67.1% to 97.1%. For the deformation pattern with free eye
movements, the accuracy grew from 52.8% for the 10 angle to
82.8% for the 45 angle, while the ﬁxed eye movement results for
these conditions were 45.0% and 85.0%, respectively. These results
suggest that detection of moving objects within the scene does not
depend on whether or not observers move their eyes during the
trials.5. Experiment 3: effect of eccentricity
While we were conducting experiments 1 and 2, we noticed
that it seemed to be more difﬁcult to detect moving objects whenFig. 7. Comparison of results with and without free eye movements. The graph
shows the percentage of correct responses for each angle of deviation averaged
across observers. Filled symbols show the results with free eye movements, while
open symbols show the results with ﬁxation. Circles show results for the radial ﬂow
ﬁeld and squares show the results for deformation ﬂow ﬁeld. Error bars are ±1
standard error.they were closer to the FOE. Consequently, we tested the effect of
the eccentricity of the disks from the focus of expansion on an ob-
server’s ability to detect the moving object.5.1. Method
Six observers participated in this experiment. All of the observ-
ers had no knowledge of the hypothesis and no previous psycho-
physical experience. Observers were compensated for participating.
All of the observers were shown both the radial and deformation
simulations. Three observers completed a set of 480 radial pattern
simulations before the set of 480 deformation pattern simulations.
Three completed the deformation pattern set ﬁrst. For the radial
ﬂow ﬁeld, angles of deviation of 8, 10, 15, 20, 25, 30, 35,
and 40 were tested. Angles of 20, 25, 30, 35, 40, 45, 50,
and 55 were tested for the deformation patterns. The angles were
chosen based on empirical data from pilot studies to try to
generate a range of angles for which performance would vary from
below to above threshold for each condition. Each observer was
assigned a random order of the eight angles of deviation to be
tested. The location of the target disk was varied between visual
angles of 2.5, 5, and 10 from the FOE. Observers were allowed
free eye movements and no ﬁxation point was present in the
scene. The ﬁrst angle of deviation tested was random. Each
simulation ran for a duration of 1.00 s. There was no time limit
for observers to respond. Each block of 60 trials contained 10
trials with an object present at each of the three eccentricities
moving at a single angle of deviation (for 30 trials total) and 30
trials with the moving object absent. The trials were presented in
a random order.5.2. Results
The percentage of correct responses was calculated for each ob-
server and averaged together. As with previous experiments,
three-way ANOVA analysis using data from the angles that were
the same in both radial and deformation conditions (20, 25,
30, 35, 40) shows a signiﬁcant main effect of all three factors:
angle, (F(4, 20) = 18, p < .0001), eccentricity (F(2, 10) = 95.3,
p < .0001) and pattern (F(1, 5) = 164, p < .0001). The graph for the
average radial results (Fig. 8a) diagrams the relationship between
the angle of deviation and the percent of total correct responses
for each of the three eccentricities tested. Threshold for each
eccentricity was determined by ﬁnding the 75% correct threshold
for each individual observer and averaging the thresholds together.
For an eccentricity of 2.5 from the FOE, the average threshold
deviation was 25.7. Observers did better for an eccentricity of
5.0 from the FOE, reaching threshold at 14.9. For an eccentricity
of 10.0 from the FOE, observers reached threshold at 12.3. The
threshold average was also determined by taking the average of
all observers’ results and then determining the 75% threshold for
that average. Calculating average threshold in this manner pro-
duced similar results. For an eccentricity of 2.5, 5.0 and 10.0
the average thresholds are 26.9, 15.4, and 11.9, respectively.
Therefore, as the eccentricity increased, the accuracy of observers
also increased. However, as the eccentricity increases so does the
2D image speed of the disks, which may be a contributing factor
to the accuracy of the observer.
The averaged data for the deformation ﬁeld is shown in Fig. 8b.
It is clear that observers perform more poorly in this condition
than with the radial ﬁeld. For the deformation ﬂow ﬁeld, no
observers reached threshold for the 2.5 eccentricity, only one ob-
server reached threshold for the 5 eccentricity and four reached
threshold for the 10 eccentricity. For the averaged data, only the
curve for the 10 eccentricity reaches the 75% threshold, giving a
Fig. 8. Results of experiment 3. Graphs show the percentage of correct responses for each angle of deviation averaged across observers. Circles, squares and triangles show
results for eccentricities of 2.5, 5.0 and 10.0, respectively. (a) Results for the radial ﬂow ﬁeld. (b) Results for the deformation ﬂow ﬁeld. Error bars are ±1 standard deviation.
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radial pattern in the 10 eccentricity condition.6. Experiment 4: effect of speed
The eccentricity experiment shows that the eccentricity of a
moving object affects how well humans can detect it. However,
this effect could be due to the 2D image speed of the disks, because
in the optic ﬂow ﬁeld generated by a moving observer, disks at
smaller distances from the FOE move at slower speeds than those
at larger distances. To examine whether speed or eccentricity is the
critical factor affecting moving object detection, experiment 4
examines the effect of 2D image speed on observers’ ability to de-
tect moving objects.6.1. Method
Six observers participated in this experiment. Three observers
were unaware of the experimental hypothesis but had previous
psychophysical experience. The remaining three observers had
no knowledge of the hypothesis and no previous psychophysical
experience. Observers were compensated for participating. All of
the observers were shown the radial simulations. For each eccen-
tricity (2.5, 5.0 and 10.0), simulated observer speeds of 100,
125, 150, 175, and 200 cm/s were tested with angles of deviation
of 8, 10, 15, 20, 25, 30, 35 and 40. Previous experiments used
a simulated observer speed of 200 cm/s. Each observer was as-
signed a random order of the eight angles of deviation to be tested.
They were allowed free eye movements and no ﬁxation point was
present in the scene. The ﬁrst target location and angular deviation
tested was randomly chosen. Each simulation ran for a duration of
1.00 s. There was no time limit for observers to indicate their re-
sponse to each trial. Each block of trials tested a particular angular
deviation and a particular observer speed, and the eccentricity was
varied within the block. Ten trials were presented with a moving
object at each eccentricity and 30 trials were presented with it ab-
sent. Within a block, the trials were presented in a random order.
For each speed tested, the order of angular deviations was
randomized.6.2. Results
The results show that observer accuracy increases both with
increasing eccentricity of the target and with increasing observer
speed. Three-way ANOVA analysis again shows signiﬁcant main ef-
fects of all three factors: angle (F(7, 35) = 343, p < .0001), eccentric-
ity (F(2, 10) = 242, p < .0001) and observer speed (F(4, 20) = 11.1,
p < .0001). The average threshold was found by calculating the per-
centage of correct responses for each observer to determine their
individual thresholds and averaging the thresholds together
(Fig. 9a). Examining the relationship between observer speed and
threshold, for an eccentricity of 2.5, the average threshold for an
observer speed of 100 cm/s is 30.4. The average threshold de-
creases to 25.8 for an observer speed of 200 cm/s. The thresholds
for the 2.5 eccentricities are underestimated, however, because
only one of the six observers obtained threshold for the 100 cm/s
speed, three for 125 cm/s, four for 150 cm/s, and ﬁve for 175 cm/
s. Observers who did not reach threshold were not included in
the calculation. At an eccentricity of 5.0 and a speed of 100 cm/s
threshold for detecting the moving object was at an angular devi-
ation of 24.0. The threshold decreased to 12.8 for a speed of
200 cm/s. For the 10.0 eccentricity at 100 cm/s the threshold
was 16.6 and decreased to 11.5 for the 200 cm/s speed.
The threshold average was also determined by taking the aver-
age of all observers’ total correct responses and then determining
the 75% threshold for that average (Fig. 9b). For an eccentricity of
2.5 from the FOE, the average observer data did not reach 75%
threshold for speeds of 100 and 125 cm/s for the angles of devia-
tion tested. For speeds between 150 and 200 cm/s the average
threshold decreased from 39.6 for the 150 cm/s speed to
26.4 cm/s for the 200 cm/s observer motion speed. Observers did
considerably better for an eccentricity of 5.0 from the FOE, reach-
ing threshold at 22.9 for the 100 cm/s speed down to 12.8 for the
200 cm/s speed. For an eccentricity of 10.0 from the FOE, observ-
ers reached threshold at 15.7 for the 100 cm/s speed, and at 10.4
for the 200 cm/s speed.
To view the effect of speed without the contributing factor of
eccentricity, we compared the 2D image speed with the average
threshold as it was determined in Fig. 9a. Fig. 10 shows the thresh-
olds obtained for the ﬁve observer speeds and the three eccentric-
ities graphed against the 2D image speed of the target for each
Fig. 9. Results of experiment 4. Graphs show the thresholds for moving object detection vs. simulated observer speed. Circles, squares and triangles indicate thresholds for
eccentricities of 2.5, 5.0, 10.0 from the FOE, respectively. Error bars are ±1 standard deviation. (a) Thresholds were calculated for each individual and averaged across
observers. (b) Data was ﬁrst averaged across observers and a single threshold was calculated for the averaged data in each condition.
Fig. 10. Results of experiment 4 showing thresholds vs. 2D image speed. Circles,
squares and triangles indicate thresholds for eccentricities of 2.5, 5.0, 10.0 from
the FOE, respectively. Error bars are ±1 standard deviation.
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observer speed of 100 cm/s because only one observer reached
threshold at this point. The 2D image speed for the observer speed
of 200 cm/s at the target position of 2.5 is 0.50 deg/s. This is the
same as the 2D image speed of the target for the observer speed
of 100 cm/s at the target position of 5.0, which is also 0.50 deg/
s. For these target positions observers obtained similar thresholds
of 25.8 and 24.0 respectively. For the observer speed of 200 cm/s
at the target position of 5.0 the 2D image speed is 1.00 deg/s,
which is the same as the 2D image speed for an observer speed
of 100 cm/s and a target position of 10. These two conditions
yielded similar thresholds of 12.8 and 16.6, respectively. As can
be seen in Fig. 10, the thresholds decrease fairly smoothly as the
2D image speed increases. The graph appears to ﬂatten out at a
threshold of about 12 for the highest 2D image speeds.7. Discussion
We have shown that observers can detect a moving object with-
in a radial optic ﬂow ﬁeld based on its 2D direction of image mo-
tion. When this 2D direction of image motion differs enough
from the radial pattern generated by simulated observer motion,
observers are able to detect the moving object. For a scene consist-
ing of 25 objects moving in a radial pattern for 1 s, the threshold
angle of deviation for detection of a moving object was 13.6.
The threshold for detection of the moving object increased as the
duration of the presentation or number of items in the scene de-
creased. Thresholds decreased with increasing eccentricity from
the focus of expansion and with increasing 2D image speed of
the moving object. Furthermore, the thresholds were signiﬁcantly
higher when observers were asked to detect the moving object
within a deformation pattern of motion. The accuracy of moving
object detection did not depend on whether or not the observers
moved their eyes during the trials.7.1. Global vs. local mechanisms
The fact that observers had much more difﬁculty detecting a
moving object in the deformation pattern than in the radial pattern
suggests that the global pattern of image motion is important in
detecting a moving object under these conditions. The deformation
pattern has the same local motion gradient as the radial pattern, so
the comparison of neighboring image motions within the two pat-
terns should be the same. Thus, if detection of a moving object
within one of these patterns depended only on local motion com-
parisons, the thresholds for the two should be similar or identical.
Our data show that it is muchmore difﬁcult to detect the target ob-
ject within a deformation pattern than within a radial pattern. Not
only are the thresholds a great deal higher for the deformation pat-
tern in all conditions tested, but the standard deviations among
observers are considerably larger for the deformation pattern, indi-
cating a larger variability of responses in this case. Thus, the global
pattern of image motion appears to contribute substantially to an
observer’s ability to detect a moving object. Note that this result
does not rule out the use of local cues in addition to the global cues.
It does indicate that local cues alone do not account for human per-
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important role.
If the global pattern is important in detecting moving objects, as
suggested by the results with the radial and deformation patterns,
one would predict that increasing the number of items in the pat-
tern might aid detection of the object because it would be easier
to determine the global pattern of motion with more items in the
scene. The data from the second experiment support this idea. For
the radial patterns, observers were not able to detect the moving
object well with only four disks, presumably because they could
not identify the global pattern well. They did considerably better
for an intermediate number of disks between nine and sixteen
andwere able to detect themoving object even betterwith 25 disks,
probably because they could ascertain the radial pattern better. For
the deformation patterns, observers could only detect moving ob-
jects well when the ﬂow ﬁeld was made up of 25 disks. Therefore,
a larger number of disks aids observers in detectingmoving objects.
Because the disk density was kept constant for the different num-
bers of disks tested, observer thresholds should be independent of
the number of items in the scene if observers were using only local
motion comparisons to identify the object. The fact that accuracy
increases with an increasing number of items in the scene supports
the idea that determination of the global pattern is an important
step in identifying a moving object in the scene.
Why the visual system appears to process radial ﬂow ﬁeldsmore
effectively than deformation ﬂow ﬁelds is an open question. How-
ever, one can speculate that the brain is more attuned to radial pat-
terns because they are much more common in an observer’s
everyday experience as they move about the world. Because the ra-
dial patterns are generated by forward motion and are useful in
determining the observer’s heading, it makes sense that the visual
system ismore attuned to themthan todeformationpatterns,which
are encountered undermuchmore limited circumstances. This sen-
sitivity to radial patterns is supported by the existence of neurons in
the primateMedial Superior Temporal visual area (MST) that appear
to be tuned to radial patterns ofmotion (Duffy&Wurtz, 1991;Grazi-
ano, Andersen, & Snowden, 1994; Saito et al., 1986; Tanaka & Saito,
1989). Given the existence of specialized cells to process radial pat-
terns, itwouldmake sense to use this processing of radial patterns to
aid in the detection of moving objects.
The use of global pattern information to detect moving objects
is consistent with numerous theoretical models for detecting mov-
ing objects by a moving observer. Thompson and Pong (1990) the-
orized that one way to detect moving objects within the image
motion pattern generated by a moving camera would be to ﬁrst
use the motion information to determine the camera’s motion,
and then identify any motion in the image that was inconsistent
with these computed camera motion parameters. Hildreth (1992)
used this idea in a model for computing human heading in the
presence of moving objects. Her model ﬁrst determines the head-
ing for a moving observer that is consistent with the majority of
image velocities within the 2D image. She noted that regions
where the image motion was not consistent with the computed
heading could indicate the locations of moving objects. Finally,
Warren and Rushton (2007), Warren and Rushton (2008, Warren
and Rushton (2009) have suggested a ‘‘ﬂow parsing” mechanism
for determining the motion direction of moving objects that would
be consistent with our ﬁndings here. The results of the experi-
ments presented here lend support to these models that ﬁrst com-
pute observer motion parameters and subsequently identify
moving objects in the scene.
7.2. Effect of eye movements
Comparison of the results from experiment 2 and experiment 1
in the 1 s duration, 25 disk condition, suggests that observer accu-racy is independent of whether the observers are allowed free eye
movements or are ﬁxating a central cross during each trial. This is
consistent with results from experiments on heading perception
that showed that people judge heading equally well with and
without eye movements (Royden et al., 1992; Royden et al., 1994;
Warren & Hannon, 1988; Warren & Hannon, 1990). While at ﬁrst
glance it may seem to contradict results from experiments with
steering that show that eye movements do have an effect on steer-
ing accuracy (Wilkie & Wann, 2003), the results are not incompat-
ible with this study. Accurate steering requires not only accurate
instantaneous perception, but also long termmechanisms to assess
one’s location in the road, predict one’s future location, and adjust
the steering wheel accordingly. It appears likely that the more
complex task of steering requires that the driver be able to look
at different locations in the scene even if their short term percep-
tion of heading and moving objects is fairly accurate. The current
results and those from the heading research suggest that the differ-
ence found by Wilkie and Wann (2003) is not due to differences in
perception of heading with or without eye movements, but rather
to other factors that affect steering control.
7.3. Effect of eccentricity and speed
The results of experiment 3 show that as the distance between
the moving object and the FOE increases, the threshold for detec-
tion decreases. One possible explanation for this effect could be
that the ability to detect a moving object within a radial ﬂow ﬁeld
depends on the overall image speed of the target and the surround-
ing objects. In these experiments, the radial ﬂow ﬁeld was consis-
tent with the ﬂow ﬁeld that would be generated for an observer
moving in a straight line toward a set of disks that are all at the
same distance from the observer. In this situation, the image speed
of the disks increases proportionally to the distance on the image
plane of the disk from the FOE, as can be seen from Eq. (1). The im-
age speed of the moving object was set at the speed it would have
had if it were part of the stationary scene, and so its speed also in-
creased linearly with the distance from the FOE. Thus, an increase
in eccentricity directly yields a proportional increase in image
speed for both the stationary disks and the moving object. Note,
however, that an increase in eccentricity does not yield an increase
in the speed difference between the moving object and its neigh-
bors, since all the disks at the same eccentricity have the same im-
age speed.
Experiment 4 tested the effect of increasing image speed on
observers’ thresholds for detecting moving objects. The results
showed that increasing image speed decreased the thresholds for
detecting the moving object. When the thresholds were graphed
against 2D image speed, the result was a fairly smoothly decreas-
ing curve as image speed increased (Fig. 10). The two points where
the image speed was identical but the eccentricities differed
yielded fairly similar thresholds, suggesting that speed is the crit-
ical factor. This is consistent with ﬁndings on the effects of speed
on discrimination of 2D motion direction. Several researchers have
shown that thresholds for discrimination of the direction of motion
of single dots or random dot ﬁelds decrease as 2D speed increases
within the range used in our studies. (De Bruyn & Orban, 1988;
Matthews & Welch, 1997). Thus, it seems likely that the effect of
eccentricity on the detection of moving objects is determined by
the variation in image speed.
The results in this experiment relate to an observer moving at a
slow to fast walking speed toward objects at a distance of 10 m.
However, because the important parameter is image speed, and
because image speed depends on the ratio of observer speed to ob-
ject distance, these results would apply equally well to an observer
moving twice as fast for an object at twice the distance or, con-
versely, to an observer moving half as fast for an object at half
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are multiplied by the same factor. Using a measure of time to con-
tact, we can say that these results apply for an object whose initial
time to contact with the plane of the observer ranges from 5 to
10 s. Because nearby objects have faster image speeds than more
distant ones, we can conclude that it is easier to detect moving ob-
jects nearby in the scene than those in the distance.
8. Conclusion
Observers are able to detect moving objects within a radial op-
tic ﬂow ﬁeld based on a difference in the angle of image motion for
the object from the radial pattern determined by the motion of the
other objects. The fact that the thresholds for detecting a moving
object within a radial ﬂow ﬁeld are substantially lower than for a
deformation pattern indicates the visual system makes use of the
global pattern for detecting moving objects. It is easier to detect
a moving object if it is further from the FOE or if the 2D image
speed of the stimulus is increased. It is likely that these two effects
are linked, and that the effect of eccentricity is due to the fact that
the object’s image is moving faster at increased eccentricities.
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